Technetium (Tc), found in nuclear waste, is of particular concern with regard to longterm waste storage because of its long half-life and high mobility in the environment.
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Introduction
One of the most difficult problems associated with the use of nuclear power and the disposition of nuclear wastes from fuel reprocessing is the long-term immobilization of the radionuclides produced during fission, such as technetium ( 99 Tc). Tc is a β-emitter with a half-life of 2.13x10 5 years. The thermodynamically stable form of Tc in aerobic environments is highly mobile pertechnetate (Tc(VII) within TcO 4 -tetrahedra) (1, 2) . The long half-life and high mobility of pertechnetate frequently make it one of the most significant environmental risk contributors in the performance assessment of nuclear waste disposal repositories. Currently, the chosen method of treatment for the most highly radioactive nuclear wastes is vitrification to produce a durable glass matrix. It is known from the geologic record that natural glasses of appropriate compositions have survived for millions of years in the environment (3) . Projection of the fate of waste glasses in the environment, which necessarily have somewhat different compositions from natural glasses, requires an understanding of the processes and mechanisms by which they alter on exposure to the prevailing environmental conditions; reaction with water is crucial in this regard. Since the preferred glass compositions have inherently low rates of alteration, a variety of accelerated test methods have been developed wherein other test variables (such as temperature or surface area to volume ratio) are employed to bring about a greater extent of reaction in a shorter time. Such tests have proved useful in elucidating reaction mechanisms and in the down-selection of glass compositions. One such test method, which is the subject of this study, is the Vapor Hydration Test (VHT).
The VHT employs hydrothermal conditions to accelerate the rate of glass alteration.
In the VHT, a glass coupon is exposed to a water-saturated atmosphere in a sealed pressure bomb at elevated temperatures for specified time intervals. At the end of the test, the coupon is sectioned and analyzed to determine the thickness of the reacted layer, which gives a measure of the rate of reaction, and the types and compositions of the alteration phases that are produced (4 -8) . Previous work has shown that water diffuses into the glass ahead of the alteration zone (7) and that alteration phases can develop either in place of the native glass or growing out from the coupon surface (4 -8) . However, to the best of our knowledge, Tc behavior is unknown with regard to mobility and speciation within a borosilicate waste-form under VHT conditions. In view of the practical importance of rhenium, which is commonly used as a non-radioactive surrogate for Tc, tests were also performed on two Re-containing waste glasses to allow comparisons with the behavior of Tc.
The speciation and local coordination environments of Tc and Re, in the original glasses and the corresponding VHT samples, were determined using X-ray absorption spectroscopy (XAS). As shown earlier (9) (10) (11) (12) , XAS can distinguish Tc(IV)O 6 octahedra from Tc(VII)O 4 tetrahedra in borosilicate waste glasses and other materials. Tc K-edge X-ray absorption near edge structure (XANES) for Tc(IV) and Tc(VII) are distinctive (9) (10) 12) . The structural parameters extracted from the extended X-ray absorption fine structure (EXAFS) data can also be used to distinguish pertechnetate tetrahedra, which have Tc-O distances near 1.72 Å, from Tc(IV) octahedra, which have Tc-O distances near 1.98 Å. Recent studies (9) have also shown that Re L II XANES data can be used to distinguish Re(VII) from more reduced species in borosilicate waste glasses.
Experimental Section
Sample Preparation. Four borosilicate glasses were investigated. Two Tc-containing glasses, II-118 and II-121, were synthesized in Pt/Au crucibles in air within a tube furnace at 1150 o C; both samples contain no ZrO 2 to avoid large X-ray fluorescence background intensity in the Tc K-edge XAS data. Two Re-waste glasses, WVT-G-126B
and WVT-G-128B, were produced in test runs on a continuously-fed ceramic-lined Jouleheated melter (13) , where the ~110 kg melt pool was maintained at 1150 o C and agitated by an air bubbler. Reagent-grade chemical components were used for glass synthesis.
Chemical compositions of the glasses were determined by X-ray fluorescence spectroscopy (XRF) as well as Direct Coupled Plasma-Atomic Emission Spectroscopy (DCP-AES) analyses (Table S1 ). Tc concentrations in the original glasses were determined by liquid scintillation measurements on solutions generated by microwaveassisted HNO 3 /HF dissolution of the glass samples. All glasses were determined to be crystal-free by X-ray diffraction (XRD), except for a few isolated Pt inclusions in the Tccontaining glasses.
Individual wafers were cut from the two Tc-containing glasses and the two Recontaining melter glasses for the VHT experiments. Each wafer was suspended above a small amount of water in a sealed stainless steel VHT pressure bomb (Fig. S1) 
XAS Data Analysis
The X-ray absorption spectra were processed using standard pre-edge background subtraction and edge-step normalization procedures (14) . Each spectrum was calibrated to the inflection point of the K-edge peak for (Table 1) . FEFFIT varied r, n, and σ 2 for each atomic shell, while minimizing the r-factor, a goodness of fit parameter that is a sum-of-squares measure of the fractional misfit scaled to the magnitude of the data (Table 1 ). Other analysis details are included in the supporting material. Tables S2 and   S3 ). Tc concentrations at the II-118 VHT sample surface are enhanced by approximately 50%, compared with that in the original glass ( Fig. 1) . At depths of 25 to 125 µm from the surface, Tc concentrations are similar to those in the original glass. However, beyond a depth of 150 µm, Tc appears to be completely depleted from the sample (statistically zero). Similar relationships are observed for Tc concentrations within the II-121 VHT sample (Table S3) . Near the surface, at depths up to 150 µm, Tc concentrations can be five times of that measured by SEM for the original II-121 glass. Between depths of 175 and 300 µm, Tc concentrations within this VHT sample are similar to those found for the original II-121 glass; at depths greater than 300 µm, Tc concentrations approach zero. SEM analyses for most major elements in both VHT samples indicate that concentrations remain relatively constant throughout the cross-section profiles (Tables S2   and S3 ). Exceptions are Na, Ca, and Fe for the II-118 VHT sample, and Ca for the II-121
Results and Discussion
VHT sample, where these elements show significant enrichment near the surface.
Both Tc-containing VHT samples were completely altered, such that none of the original glass remained. The SEM images for both samples indicate significant differences with regard to how each original glass was altered. The II-118 VHT sample shows more homogeneous alteration textures, where ill-defined bands of various phases can be seen just under the surface and near a depth of 900 µm (Fig. 1) . The II-121 VHT sample has a more complex assemblage of alteration phases and phase intergrowth textures throughout, with more distinct bands.
XANES Results. Tc K-edges for the two samples show significant changes before and after the VHT (Fig. 2) . XANES for the VHT samples are shifted to lower energies and show no evidence of the 21,045 eV pertechnetate edge feature (Fig. 3 bottom) compared with the XANES for II-118 and II-121 glasses. The XANES for the 100% Tc(VII) standard glass (I-283) and the 100% Tc(IV) standard glass (II-13) (9) show significant edge shape differences as well as a 3.5 eV edge energy shift (measured at half the edgestep) (Fig. 3) . Fitting the XANES data for the original glasses (Fig. 2) , using the spectra of the Tc(IV) and Tc(VII) glass standards, indicate 20% Tc(IV) + 80% Tc(VII) for II-118 glass versus 80% Tc(IV) + 20% Tc(VII) for II-121 glass (9) . These changes indicate that any pertechnetate originally present in the II-118 and II-121 glasses has been reduced to Tc(IV) during VHT alteration. The data for both VHT samples are different from the spectrum for the 100% Tc(IV) II-13glass (Fig. 3) . The two peaks near 21,065 and 21,075
eV in both VHT sample spectra are similar to those observed for crystalline TcO 2 and a- (Fig. 4) 
The EXAFS fitting routines for the VHT samples used a model based on the number of major RDF peaks for each sample: two shells were fit (Tc-O and Tc-Tc) to the II-118 data, while one shell was fit (Tc-O) to the II-121 data ( Table 1 ). The second nearest-neighbor RDF peak in the II-118 VHT data could also be due to other cations than Tc in the original glass, such as Fe and Ti. Tc(IV) has a similar ionic radius to Fe(III) and Ti(IV) and has been known to substitute for Ti(IV) in titanium compounds (17) . Therefore, two other fitting routines were applied to the II-118 VHT data, where the Tc-Tc path in the original model was replaced by Tc-Fe and then Tc-Ti. Both models poorly fit the experimental second-shell partial RDF peak, where n or σ 2 refined to negative values. Therefore, the short 2.56 Å cation-cation second nearest-neighbor distance is best described by Tc-Tc, which is observed in both a-TcO 2 •xH 2 O and crystalline TcO 2 (11, 12) .
The initial fits for the II-118 VHT sample did not completely describe the RDF amplitudes between 1.5 and 2.5 Å (Fig. 5) . Another model was used, which added a Tc-O correlation, similar to that used for the water molecules coordinating with Tc in a- The fitting results for both VHT samples (Table 1) Larger nearest-neighbor peak amplitudes for the two VHT samples (Fig. 5 ) correlate with the larger nearest-neighbor coordination numbers, and indicate somewhat regular TcO 6 octahedra. Tc in the II-118 VHT sample could be within Tc 2 O 10 dimers, where two TcO 6 units share two oxygen atoms, similar to the proposed environment between two TcO 6 units in solutions and other compounds (12, 18) . Tc in the II-121 VHT sample is also within somewhat regular TcO 6 octahedra that appear to be isolated from each other. Table S4 ) that are distinctly different from those measured for the Tc-containing VHT samples (Fig. 1) . Both Recontaining VHT samples were not completely altered and portions of the original glass were found near the center of each sample. Re 2 O 7 concentrations near the WVT-G-128B
VHT sample surface are near zero, where some concentration enhancement was observed for both samples between 20 and 100 µm depths. At depths greater than 375 µm, concentrations increase toward the unaltered glass (700 µm depth in Fig. 6 ) to approach the original glass concentration. The analysis profile is the white bar in the SEM micrograph.
XAS Results.
The two Re-containing melter glasses used in the VHT tests, have 100%
of all Re was perrhenate in the original glasses, as shown by XANES and EXAFS (9) .
XANES data for both VHT altered samples also indicate perrhenate as the sole Re species (Fig. 7) . XANES data for both glasses and their corresponding VHT samples are nearly identical to those for NH 4 ReO 4 (9). Differences between Tc and Re valence behavior in the VHT environment can be related to the different redox potentials for these two elements (9) . Since Fe dominates the redox sensitive cation content in the glass chemistries studied, the Fe(III)/Fe(II) redox couple can maintain oxygen fugacities at levels where Tc(IV) and Re(VII) coexist.
The VHT results presented are a first evaluation of Tc and Re behavior within this environment. One must consider that the VHT may not be a realistic model of what a glass may encounter over time in a waste repository; the following statements need to be be considered with the above short-comings in mind. From the perspective of Tc immobilization, reduction of Tc can be regarded as desirable, since Tc(IV) is less mobile in the environment than Tc(VII) within pertechnetate. However, Tc was also found to migrate and concentrate toward the surface of the waste-form material as alteration takes place, which is clearly undesirable. Furthermore, it is possible that over long time periods, Tc(IV) near the surface of an altered glass in air may oxidize to form the mobile pertechnetate species. Further experiments are necessary to determine whether such trends are replicated in conditions more consistent with a long-term environment in a nuclear waste depository.
